Interleukin-1␤. Activated neutrophils, expressing proinflammatory cytokines (such as IL-1␤ and TNF-␣) and chemokines (including macrophage inflammatory protein [MIP]-2 and KC), travel rapidly to the lungs in response to endotoxemia or hemorrhage. Activated lung neutrophils have been shown to be the predominant pulmonary source of IL-1␤ and are major contributors to the pulmonary production of other proinflammatory cytokines (e.g., TNF-␣, MIP-2, and IL-8) after endotoxin administration (8, 9, 14) . The removal of neutrophils with either cyclophosphamide or antineutrophil antibodies almost entirely prevents the elevation in IL-1␤ expression that occurs in the lungs after hemorrhage or endotoxemia and significantly decreases hemorrhage-or endotoxemiainduced increases in pulmonary levels of TNF-␣ and MIP-2 (14) . In patients with ALI, IL-1␤ is the major inflammatory mediator in bronchoalveolar lavage (15) . Therefore, these experiments, which show that neutrophils are the major source of IL-1␤ in murine models of ALI, underscore the central role that neutrophils play in the pathogenesis of ALI.
Nuclear Factor-B. Binding elements for the transcriptional regulatory factor nuclear factor (NF)-B are present in the enhancer/promoter regions of cytokine genes as well as in other immunoregulatory molecules that participate in the development and progression of ALI, such as intercellular adhesion molecule-1 and inducible nitric oxide synthase (16, 17) . In its active DNA-binding form, NF-B is a dimer composed of members of the Rel family. Five mammalian members of this family have been identified: NF-B1 (p50 and its precursor p105), NF-B2 (p52 and its precursor p100), c-Rel, Rel A (p65), and Rel B (18, 19) . All of these proteins share a highly conserved Rel homology domain (RHD) of approximately 300 amino acids, which is composed of two immunoglobulin-like domains. The RHD is responsible for dimerization, DNA binding, and interaction with inhibitory (I)-B molecules. Various combinations of NF-B have different transactivation abilities: p50/p65 heterodimers are able to strongly promote transcription, whereas p50/p50 homodimers have important suppressive activities on gene activation.
NF-B dimers are primarily retained in the cytoplasm of resting cells through noncovalent interactions with IB inhibitors (20 -23) . The IB family members all have five to seven ankyrin repeat domains that interact with the RHD of the NF-B dimer. Seven IB molecules have been identified: IB-␣, IB-␤, IB-␥, IB-⑀, Bcl-3, p100, and p105. Through their association with the RHD, I-B molecules mask the nuclear localization sequence of NF-B and prevent its movement to the nucleus. Although IB molecules initially were thought to reside only in the cytoplasm, recent evidence shows that they shuttle in and out of the nucleus and have an important role in regulating the presence and activity of NF-B dimers in the nucleus as well as the cytoplasm (24) .
Hemorrhage or endotoxemia results in increased activation of NF-B in the lungs (13, 25) . In murine models, induced neutropenia significantly diminishes the amount of NF-B that accumulates in the nuclei of pulmonary cell populations (13) . This indicates that neutrophils are important in modulating NF-B activation in the lungs. This may be through either a) being the major cell population in the lungs that is activated to increase nuclear translocation of NF-B; or b) inducing other pulmonary cell populations to become activated and increase nuclear accumulation of NF-B.
The first possibility appears the most likely; experiments in mice show that following endotoxin administration or hemorrhage, nuclear concentrations of NF-B are increased in the neutrophils that accumulate in the lungs, compared with peripheral blood neutrophils (9) . This pattern of increased activation of lung vs. peripheral blood neutrophils is consistent with that of cytokine expression, where markedly increased expression of IL-1␤, MIP-2, and TNF-␣ is present among neutrophils isolated from the lungs after endotoxemia or hemorrhage. In addition, inhibition of NF-B activation prevents endotoxin-induced increases in proinflammatory cytokine expression in the lungs (25, 26) .
Blockade of NF-B activation with antioxidants or other therapies inhibits the development of ALI after endotoxin administration, as shown by decreased edema, diminished neutrophil infiltration, and suppression of proinflammatory cytokine expression in the lungs (25, 26) . Similarly, inhibition of xanthine oxidaseinduced oxidant production decreases both nuclear translocation of NF-B and proinflammatory cytokine expression in lung neutrophils after hemorrhage.
The Role of Phosphatidylinositol 3-Kinase in ALI-Associated Neutrophil Activation
Phosphatidylinositol 3-kinases (PI3-Ks) catalyze the addition of phosphate molecules to the inositol ring of phosphatidylinositol (27) (28) (29) (30) . The PI3-Ks are heterodimeric complexes, comprising a regulatory subunit and a p110 catalytic subunit, of which there are four characterized isoforms (␣, ␤, ␥, and ␦). The type IA PI3-Ks, p110␣, p110␤, and p110␦, associate with the p85 family of regulatory subunits, whereas type IB p110␥ binds to a p101 adapter molecule. Nine members of the PI3-K family have been isolated from mammalian cells, through which four different lipid products are generated: the singly phosphorylated form phosphatidylinositol-3-phosphate (PtdIns-3-P); the doubly phosphorylated forms PtdIns-3,4-P 2 and PtdIns-3,5-P 2 ; and the triply phosphorylated form PtdIns-3,4,5-P 3 .
Activation of Akt. The serine/threonine kinase Akt (also known as protein kinase B) appears to be the major target of PtdIns-3,4-P 2 and PtdIns-3,4,5-P 3 (27) (28) (29) (30) (31) . Activation of Akt occurs when threonine-308 and serine-473 are phosphorylated, events modulated by phosphatidylinositol-dependent kinases (PDK1 and PDK2).
PI3-K, through phosphorylating and activating Akt via PDK1 and PDK2, occupies a central position in modulating neutrophil chemotaxis and respiratory burst (32) (33) (34) . In addition, recent data have shown that PI3-K/Akt can lead to phosphorylation and activation of IB kinases, thereby increasing nuclear translocation of NF-B (32, 35, 36) .
The exposure of neutrophils to lipopolysaccharide (LPS) results in the activation of PI3-K and Akt, increased nuclear accumulation of NF-B, and enhanced expression of proinflammatory cytokines whose transcription is dependent on NF-B (Fig. 1) (37) . In this setting, blockade of PI3-K decreases LPSinduced increases in NF-B activation and cytokine production.
PI3-K␥ Isoform. The PI3-K␥ isoform appears to be particularly important in modulating NF-B translocation after neutrophil exposure to LPS, since neutrophils from PI3-K␥-knockout mice show markedly reduced nuclear accumulation of NF-B after stimulation with LPS compared with those from control mice (37) . Additionally, neutrophils without PI3-K␥ also produce decreased amounts of MIP-2, IL-1␤, and TNF-␣ when cultured with LPS, compared with neutrophils from control mice in which all isoforms of PI3-K are present. Such results demonstrate that PI3-K, and particularly PI3-K␥, occupy an important position in neutrophil activation associated with endotoxin exposure.
PI3-K␥ appears to have an important role in modulating neutrophil function in vivo. Studies in mice lacking functional PI3-K␥ demonstrated that neutrophils from these animals are unable to produce PtdIns-3,4,5-P 3 or activate Akt when stimulated with G-protein-coupled receptor agonists, such as formyl peptide, C5a, or IL-8 (38 -40) . In addition, neutrophil respiratory burst was severely diminished, migration of neutrophils toward chemokines was reduced, and clearance of Escherichia coli and Staphylococcus aureus from the peritoneum was impaired. Furthermore, endotoxemia-induced neutrophil accumulation in the lungs and the degree of lung edema were reduced in comparison with controls (37) . Following endotoxemia exposure, lung neutrophils from PI3-K␥-knockout mice also have decreased nuclear translocation of NF-B and lower expression of proinflammatory cytokines than those isolated from control mice. These results demonstrate that the PI3-K␥ isoform participates in the development of endotoxemia-induced pulmonary inflammatory responses. However, although these experiments show that lung neutrophils from PI3-K␥-knockout mice are less activated than those from controls, the actual mechanism by which PI3-K␥ con-tributes to ALI remains to be determined. Because PI3-K␥ is involved in neutrophil respiratory burst, migration, apoptosis, and activation to produce proinflammatory cytokines, the contribution of this kinase to the pathogenesis of ALI is likely to be multifactorial.
Anti-Apoptotic Mechanisms of PI3-K. Activation of the PI3-K/Akt pathway has potent anti-apoptotic effects. PI3-K appears to be involved in multiple anti-apoptotic mechanisms, including the following:
• Preventing the release of cytochrome c from mitochondria • Phosphorylating and thereby preventing activation of the proapoptotic Bcl-2 family member, Bad Consistent with this anti-apoptotic role for PI3-K, we recently showed the rate of neutrophil apoptosis to be increased among bone marrow neutrophils in mice lacking the PI3-K␥ isoform (48) . In addition, PI3-K␥-knockout mice exhibit increased apoptosis among lung neutrophils after endotoxemia compared with controls (48) . This enhanced clearance of activated neutrophils from the lungs may contribute to the diminished severity of endotoxemia-induced ALI in PI3-K␥-knockout mice.
p38 Mitogen-Activated Protein Kinase in ALI
The p38 mitogen-activated protein kinase pathway is involved in the regulation of stress-induced cellular functions and appears to be especially important in neutrophil activation (49 -51) . In particular, p38 plays a central role in neutrophil adhesion, chemotaxis, priming and oxygen release, synthesis of TNF-␣ and CXC chemokines (such as IL-8 and MIP-2), and apoptosis. There is also evidence that, in addition to modulating NF-Bdependent transcription, at least in part through the phosphorylation of coactivator proteins such as TATA-box binding protein (TBP), p38 can participate directly in increasing LPS-induced nuclear translocation of NF-B in neutrophils (49, 52) .
Like PI3-K, p38 is activated in neutrophils after endotoxin exposure (49, 53 ). p38 appears to play an important role in endotoxemia-induced lung injury (53, 54), and inhibition of p38 was found to reduce mortality rate in a murine model of endotoxin shock (55). Furthermore, inhibition of p38 decreased TNF-␣ levels and neutrophil recovery in the airspaces following intratracheal administration of LPS (53); however, neither alveolar levels of MIP-2 and KC nor neutrophil accumulation in the pulmonary parenchyma was affected. Similarly, systemic inhibition of p38 did not prevent neutrophil accumulation in the lungs, neutrophil production of proinflammatory cytokines, or the development of interstitial lung edema in endotoxemia-or hemorrhage-induced ALI (54).
These results indicate that there may be a hierarchy of neutrophil functions that are modulated by p38 in vivo. In particular, neutrophil chemotaxis, especially that induced by endotoxin administration directly into the airways, appears to be significantly inhibited when p38 is blocked. Because the ability of activated neutrophils to migrate into the airspaces is expected to contribute to acute pulmonary inflammation, p38 activation may play an important role in the pathogenesis of ALI. Recent animal experiments with inhaled endotoxin indicate that delayed blockade of p38 can decrease neutrophil accumulation in the alveolar space (56). Such studies suggest that inhibition of p38 may be an appropriate therapy for lung injury, even in patients who already show evidence of pulmonary inflammation as a result of pneumonia. Clinical studies will be necessary to investigate this possibility and the therapeutic utility of p38 blockade in patients at risk for, or with, infectioninduced ALI.
Conclusions
Activated neutrophils appear to play a central role in the development of most cases of ALI. In experimental models of ALI, the neutrophils that accumulate in the lungs demonstrate increased activation of the transcriptional regulatory factor NF-B and produce increased amounts of proinflammatory cytokines whose transcription is dependent on NF-B. Although the kinases p38 and PI3-K both are activated in lung neutrophils in models of ALI and appear to play a role in the pathogenesis of this condition, their relative importance in critically ill patients remains to be determined. Additionally, within the human population, neutrophils demonstrate various patterns of activation of p38, PI3-K, and NF-B, as well as in the expression of proinflammatory cytokines, in response to LPS or other stimuli. Given this heterogeneity, underlying patterns of neutrophil activation, based on genetic factors, may contribute to the propensity for the development and progression of ALI in infected patients. 
